Mass spectrometry (MS) approaches were used herein to identify metabolites and proteins in uterine flushings (UF) that may contribute to nourishing the conceptus. Ovine uteri collected on Day 12 of the estrous cycle (n = 5 ewes exposed to vasectomized ram) or Days 12 (n = 4), 14 (n = 5), or 16 (n = 5) of pregnancy (bred with fertile ram) were flushed using buffered saline. Metabolites were extracted using 80% methanol and profiled using ultraperformance liquid chromatography (LC) tandem mass spectrometry. The proteome was examined by digestion with trypsin, followed by the analysis of peptides with LC-MS/MS. Metabolite profiling detected 8510 molecular features of which 9 were detected only in UF from Day 14-16 pregnant ewes that function in fatty acid transport (carnitines), hormone synthesis (androstenedione like), and availability of nutrients (valine). Proteome analysis detected 783 proteins present by Days 14-16 of pregnancy in UF, 7 of which are as follows: annexin (ANX) A1, A2, and A5; calcium-binding protein (S100A11); profilin 1; trophoblast kunitz domain protein 1 (TKDP); and interferon tau (IFNT). These proteins function in endocytosis, exocytosis, calcium signaling, and inhibition of prostaglandins (annexins and S100A11); protecting against maternal proteases (TKDP); remodeling cytoskeleton (profilin 1); and altering uterine release of prostaglandin F2 alpha as well as inducing IFNT-stimulated genes in the endometrium and the corpus luteum (IFNT). Identifying metabolites and proteins produced by the uterus and conceptus advances our understanding of embryo/maternal signaling and provides insights into possible the causes of reproductive failure.
Introduction
Eutherian mammals are relatively new in the evolution of reproductive strategies among all organisms that have existed on earth. The variability in implantation and placental types among mammals suggests that more than one adaptation occurred that allowed early mammals to reproduce and give birth to live young [1] . The commonality among all eutherian mammals is the requirement that the conceptus signals its presence to the mother; ruminants such as the ovine and bovine species do so by releasing a protein known as interferon tau (IFNT) [2] . Human concepti release chorionic gonadotropin and rodents release prolactin [3] to signal early pregnancy. Thus, the initial events of pregnancy recognition entail trophoblast and maternal uterine endometrial epithelial communication across these species.
Embryonic mortality and pregnancy failure have been linked to chromosomal abnormalities of the conceptus, parental age, maternal obesity, maternal infection, diabetes mellitus, heat and nutritional stress, and insufficient production of progesterone by the CL [4] [5] [6] [7] [8] [9] [10] . One hypothesis regarding embryonic mortality and pregnancy loss is that impaired communication or signaling between the conceptus and the mother during early pregnancy leads to failure of implantation. Embryonic mortality rates in ruminants (beef cows, dairy cows, and sheep) are estimated to be 12%-43% [11] [12] [13] . Most embryo losses in dairy cattle occur prior to Day 16 following breeding [14] . The estimated revenue loss in 2005, due to embryonic mortality in the beef industry alone, was estimated to be greater than $1.2 billion dollars [15] . Thus, studying embryonic mortality in ruminants may provide an opportunity to reduce economic losses to cattle producers and a model to investigate impaired embryo-maternal signaling in other species.
Histotroph consists of molecules secreted from uterine epithelia and transported into the uterine lumen, including a mixture of enzymes, growth factors, cytokines, lymphokines, hormones, transport proteins, amino acids, nutrients, and other proteins and metabolites [16] . The conceptus contributes additional molecules into the uterine milieu. The best characterized secretory protein originating from the ruminant conceptus is IFNT. IFNT has been detected by proteomic analysis of bovine uterine flushings (UF) from Day 16 and 19 pregnancies [17] . Pregnancy-associated proteins have also been identified in extracellular vesicles in Day 14 luminal fluid [18] . More recently, Brooks et al. [19] published an elegant paper describing identification of proteins in UF using mass spectroscopy approaches and correlation with gene expression in conceptus and endometrium as pregnancy progressed from Days 12 to 16 in the ewe. IFNT was detected in UF from Day 14-16, and several other proteins believed to function in conceptus growth and development in preparation for implantation were described.
Given recent advancements in mass spectrometry (MS) technology, an extensive analysis of UF of pregnant ewes was conducted herein to determine if IFNT and other molecules elaborated by the embryo and the uterus in response to pregnancy could be further resolved by this sensitive method. The proteomic and metabolomic analysis of UF from Day 12 of the estrous cycle (nonpregnant [NP]) compared to Days 12, 14 , and 16 pregnant ewes provides insight into the molecules, proteins, and functions necessary for the establishment and maintenance of pregnancy. It was hypothesized in the present studies that mass spectroscopy proteomic, combined with metabolomic analysis of ovine UF would provide unique insights on the interactions between the conceptus and endometrium that are necessary for the establishment of pregnancy.
Materials and methods

Animal care and uterine flush collection
The highest standards of animal husbandry and care were used with sheep involved in this study. Approval for experiments involving sheep was obtained from the Colorado State University Animal Care and Use Committee. Western range ewes were monitored for estrus using a vasectomized ram (i.e., not exposed to semen). Estrus was synchronized using two 1 ml injections (5 mg, i.m.) of lutalyse (dinoprost; Zoetis, Inc.) 4 h apart during the midluteal phase (Days 6-10). Ewes (n = 19) were either exposed to a vasectomized ram (termed nonpregnant; NP) or mated to a fertile ram on Day 0, to generate UF derived from the estrous cycle or pregnancy. The UF were collected following necropsy of ewes on Days 12 (n = 5 NP and 4 P), 14 (n = 5 P), and 16 (n = 5 P). Uteri were flushed using 20 ml of sterile saline solution. Serum progesterone concentrations in these ewes were previously published and were not different on Day 12 of pregnancy or the estrous cycle [20] reviewed in [21] . For this reason, Day 12 NP UF served as a negative control for comparisons to UF from pregnant ewes. Furthermore, Day 12 represents a time prior to the release of prostaglandin F2α (PGF) and action on the corpus luteum (CL) during the estrous cycle and prior to action of IFNT on inhibiting-altering release of PGF from the endometrium during pregnancy. Pregnancy status of the ewes was confirmed by the detection of an embryo in the UF. Embryo area or length was not measured. All embryos were collected based on days following observation of estrus.
Metabolomics
Sample preparation UF samples (1 ml aliquot from each ewe in 15 ml sterile conical tubes) were centrifuged at 4
• C for 5 min at 10 000× g to reduce cellular debris. The supernatant was transferred to a new tube, uterine proteins were precipitated by the addition of 80% methanol, and then the samples were incubated at -20
• C for 1 h. The samples were centrifuged at 10 000× g for 5 min at 4
• C and the supernatant was transferred to a new tube for removal of the solvent using a speed vac (Thermo Scientific). The sample was resuspended in 100 μl of high-performance liquid chromatography (LC) tandem MS grade water and transferred to an autosampler vial with a 150 μl glass insert (Waters Corporation) for analysis by ultraperformance liquid chromatography tandem mass spectrometry (UPLC-MS). Separation of 1 μl injections was performed on a Waters Acquity UPLC system using a Waters Acquity UPLC T3 column (1.8 μM, 1.0 × 100 mm), with a gradient from solvent A (water, 0.1% formic acid) to solvent B (acetonitrile, 0.1% formic acid). Specifically, injections were made in 100% solvent A; solvent A was held for 1 min, and was then transferred to 95% B over a 12 min linear gradient. Gradient B was held at 95% for 3 min then the system was returned to starting conditions over 0.05 min, and allowed to equilibrate for 3.95 min. A constant flow rate of 200 μl/min was used for the duration of the run. Samples were held at 5
• C and the column was held at 50
• C. Column eluent was infused into a Waters Xevo G2 Q-Tof MS fitted with an electrospray source. Data were collected in positive ion mode, scanning from 50 to 1200 at a rate of 0.2 s per scan, alternating between MS and MS E mode, a data-independent fragmentation approach [22] .
Collision energy was set to 6 V for MS mode, and ramped from 15 to 30 V for MS E mode. Calibration was performed prior to sample analysis via infusion of sodium formate solution, with mass accuracy within 1 ppm. The capillary voltage was held at 2200 V, the source Downloaded from https://academic.oup.com/biolreprod/article-abstract/97/2/273/4077044 by OUP site access user on 08 October 2018 temperature at 150
• C, and the desolvation temperature at 350
• C at a nitrogen desolvation gas flow rate of 800 l/h.
Data processing and analysis
Raw data files were converted to .cdf format, and feature detection and alignment was performed using XCMS in R [23] . Raw peak areas were normalized to total ion signal in R, and replicate injections were averaged. Outliers (e.g., poor extractions or bad injections) were detected using principle component analysis (PCA) and total ion current (TIC) values. PCA was performed using the pca methods package in R with pareto scaling. Confidence intervals for PCA figures were calculated using the simple Ellipse function at a 95% confidence interval. Univariate (analysis of variance) statistical analysis was performed in R (aov function) using a model containing pregnancy status and day. Annotation of the spectral data was performed by unbiased grouping of molecular features into spectra based on correlational clustering across the dataset [24, 25] and screening spectra against the CSU inhouse spectral library (∼1600 authentic standards) [26] and the National Institute of Science and Technology (NIST) spectral library.
Quality control
Previous to sample analysis, instrument maintenance (cone cleaning, mass calibration, and detector gain calibration) was performed, and a quality control (QC) standard mix was injected. Two conditioning and three QC injections were performed, with 1 μl injections of a 20% methanol solution containing 2 μg/ml each of caffeine, terfenadine, sulfadimethoxime, and reserpine. The QC standards were evaluated for retention time (+/-0.05 min), signal intensity (<25% relative standard deviation), and mass accuracy (<3 ppm). If QC sample evaluation failed, system maintenance or repair was performed until QC samples passed. This approach is designed to prevent the acquisition of low-quality data. The QC procedure was repeated following sample analysis and if failed, samples were reanalyzed.
Proteomics
Protein digestion and LC-MS/MS
To reduce cellular debris, 1 ml UF samples from each ewe (19 total) were centrifuged for at 4
• C for 5 min at 10 000× g. Each digested sample was analyzed in duplicate via LC-MS/MS. Peptides (0.5 μl injection) were purified and concentrated using an online enrichment column (Thermo Scientific 5 μm, 100 μm ID × 2 cm C18 column). Subsequent chromatographic separation was performed on a reverse phase nanospray column (Thermo Scientific EASYnano-LC, 3 μm, 75 μm ID × 100 mm C18 column) using a 90 min linear gradient from 10%-30% buffer B (100% ACN, 0.1% formic acid) at a flow rate of 400 nl/min. Peptides were eluted directly into the mass spectrometer (Thermo Scientific Orbitrap Velos Pro) and spectra were collected over a m/z range of 400-2000 Da using a dynamic exclusion limit of two MS/MS spectra of a given peptide mass for 30 s (exclusion duration of 90 s). The instrument was operated in Orbitrap-LTQ mode where precursor measurements were acquired in the orbitrap (60 000 resolution) and MS/MS spectra (top 20) were acquired in the LTQ ion trap with a normalized collision energy of 35 kV. Compound lists of the resulting spectra were generated using Xcalibur 2.2 software (Thermo Scientific) with a signal to noise ratio (S/N) threshold of 1.5 and 1 scan/group. MS/MS spectra were searched against a Uniprot Bovidae database concatenated to a reverse database (126 284 entries) using the Mascot database search engine (Matrix Science, version 2.3.02) and SEQUEST (version v.27, rev. 11, Sorcerer, Sage-N Research). The rational for use of the bovine compared to the ovine database was the more robust and extensive protein annotation in the Bovidae database at time of this analysis. Given the strong homology between these closely related species, it was determined that Bovidae was the more appropriate database to utilize for this study.
The following search parameters were used in Mascot: monoisotopic mass, parent mass tolerance of 20 ppm, fragment ion mass tolerance of 0.8 Da, complete tryptic digestion allowing two missed cleavages, variable modification of methionine oxidation, and a fixed modification of cysteine carbamidomethylation. Sequest search parameters were the same except for a fragment ion mass tolerance of 1.0 Da and a parent ion tolerance of 0.0120 Da. Peptide identifications from both of the search engines were combined using protein identification algorithms in Scaffold 4 [27, 28] (Version 4.0.3, Proteome Software, Portland, OR) with protein clustering enabled. All data files for each biological sample were then combined using the "mudpit" option in Scaffold 4 generating a composite listing for all proteins identified in each sample. Thresholds were set to 99% protein probability, 95% peptide probability, and a 2 unique peptide minimum was required. Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony. Proteins were annotated with gene ontology (GO) terms from gene association.goa uniprot (downloaded Mar. 14, 2013). [29] . The false discovery rate was 0% after manual validation of a subset of proteins identified by 2 unique peptides. [30] Criteria for manual validation included the following: (1) a minimum of at least five theoretical y or b ions in consecutive order that are peaks greater than 5% of the maximum intensity; (2) an absence of prominent unassigned peaks greater than 5% of the maximum intensity; and (3) indicative residue-specific fragmentation, such as intense ions N-terminal to proline and immediately C-terminal to aspartate and glutamate.
Quality control
Instrument functionality and stability was monitored using the MassQC software (Proteome Software). This software uses a set of quantitative metrics developed by NIST in collaboration with the National Cancer Institute's Clinical Proteomic Technologies for Cancer that monitor technical variability in MS-based proteomics instrumentation [31] . Quality control samples containing a mixture of six trypsin digested bovine proteins were injected at least once every 24 h throughout the analysis, and the data from this run was analyzed using the MassQC software. Values for all metrics were within normal limits throughout the duration of the experiment indicating instrument stability and data robustness.
Label-free protein quantitation and statistical analysis
Relative quantitation was determined by a combination of spectral counting and average MS/MS total ion current (MS 2 TIC) [32, Data are presented as mean ± SEM, unless otherwise stated. A probability value of P ≤ 0.05 was considered significant. To be considered "present," proteins must be present in a minimum of three out of four biological replicates for a given state and the total normalized spectral counts for a given state must be >10.
Proteins not detected across all of the samples were characterized either as "present" or "absent," where absent refers to proteins that were not detected in a given group. The top 40 proteins-based on normalized spectral counts that were exclusively detected in UF from pregnant or NP cows were further analyzed by using STRING analysis (http://string-db.org; also see [34] ) to determine interconnectivity of function.
Western blotting
Proteins were extracted using a radio-immunoprecipitation assay lysis buffer with phenylmethanesulfonylfluoride (Sigma; Saint Louis, MO), sodium metavanadate (Sigma; Saint Louis, MO), and benzamidine (Sigma; Saint Louis, MO 
Results
Pregnancy-associated metabolites
Preliminary analysis of metabolites in UF revealed that ovine metabolite profiles were very similar on Day 12 in pregnant and NP ewes, and that most distinctions between NP and pregnant ewes appear on Days 14 and 16 of pregnancy ( Figure 1 ). A total of 8510 mass/retention time signals (molecular features) were detected and of these, 35 signals were determined to be significantly (fold change > 3 and P value < 0.05) associated with pregnancy (Supplementary  Table S1 ). Nine signals were confidently identified based on spectral and retention time evidence and matching to authentic standards (Table 1 and Supplementary Table S1 ). These included acetylcarnitine, carnitine, androstenedione like, and valine, all of which were not different on Day 12, regardless of pregnancy status, but significantly increased on Days 14 and 16 of pregnancy compared to the Day 12 UF (Figure 2 ).
Gene ontology analysis of UF proteome
Proteomic analysis confidently identified a total of 673 proteins in UF (Supplementary Table S2 ). LC-MS/MS analysis of UF during the estrous cycle and during early pregnancy revealed identification of 37 proteins on Day 12 of the estrous cycle, and 66, 497, and 661 nancy status with the UF proteome on Day 16 of pregnancy revealed 570 proteins that were present by Day 16. GO terms associated with each protein were imported and displayed within the Scaffold software environment. GO term representation across the days of our study and for pregnancy status was predominately conserved ( Figure 4 ). As pregnancy continues (i.e., Day 14-Day 16), protein expression within these conserved GO terms increases as well as the addition of new GO term representation (GO terms represented by less than five proteins were not considered). Conserved GO terms were predominately associated with cell regulatory pathways such as biological regulation, cellular process, metabolic process, and localization. Comparing GO terms on Day 12 during the estrous cycle and during pregnancy revealed that all GO terms were the same except for "multi-organismal process," which is represented only in the NP group and "multicellular organismal process," which is represented only in the pregnant group. On Day 12, the number of proteins within each of the GO terms in the pregnant group was greater than those in the NP group. Interestingly, the GO terms "reproduction," "reproductive process," "biological adhesions," and "locomotion" were not observed (with representation by more than five proteins) until Day 14 and 16 of pregnancy.
Estrous cycle-or pregnancy-specific proteins
Of the 673 total proteins identified by MS analysis, 190 proteins were either present or not detected during the estrous cycle or pregnancy (Supplementary Table S3 ). For example, collagen alpha-1 and collagen alpha-2 were detected in UF from Day 12 of the estrous cycle and pregnancy, but were not detected in UF from Day 14 and 16 of pregnancy ( Figure 5 ). Univariate statistical analysis of the normalized spectral counts for these 190 proteins revealed that 28 were significantly different in abundance between Day 14 and Day 16 of pregnancy (P < 0.05) (Supplementary Table S4 ). Many pregnancy-associated proteins were detected in the UF including multiple members of the Annexin family: ANXA1, ANXA2, and ANXA5. All three annexins were detected on both Day 14 and 16 of pregnancy. IFNT, a known maternal recognition of pregnancy signal in ruminants, as well as TKDP1 (Trophoblast Kunitz domain protein 1), Profilin 1 (PFN1), and S100A11 were all identified in UF on Day 16 of pregnancy. IFNT tended to increase from Day 14 to 16 of pregnancy and PFN1 tended to be greater on Day 14 when compared with Day 12 independent of pregnancy status. Protein expression of ANXA2, ANXA5, and IFNT was confirmed by western blot analysis ( Figure 6 ).
To gain better insight on how proteins in UF interact, the 40 most abundant proteins detected by using Scaffold analysis during pregnancy (Table 2) were analyzed using STRING analysis (Figure 7) . This analysis showed a great level of interconnectivity between proteins, especially, for example, in the case of annexin A2. When adding ISG15 to the model, Annexin A2 was inter-related through heat shock protein (HSP90) to IFNT.
Discussion
Analysis of the metabolome and proteome in UF by MS is a novel approach to identifying pregnancy-associated molecules. Using MS, a comprehensive picture of the uterine environment during the establishment of pregnancy between Days 12 to 16, was defined. This analysis revealed that proteins in pathways associated with reproduction, reproductive process, biological adhesion, and locomotion increased as pregnancy advances from Day 12-16 in the ewe. We also confirmed the presence of IFNT in uterine fluids from Day 14 and Day 16 pregnant ewes. Much of findings corroborate those of Koch et al. [35] and Forde et al. [17] . However, Koch studied the proteome of ovine UF on a single Day of pregnancy (Day 16) in the ewes and they were not able to identify IFNT. When compared with Koch's data, 11 similar proteins were identified in UF from pregnant sheep in the present study. Forde's study analyzed the bovine proteome in UF. The present analysis confirms 15 similar protein designations in ovine when compared to bovine UF. The present study also identified abundant metabolites produced in response to pregnancy in ovine UF which included carnitine, N-acetyldileucine, and valine. These molecules have roles in fatty acid transport (carnitines), steroid synthesis, and nutrition of the conceptus. Proteins that mediate endocytosis, exocytosis, calcium signaling, and inhibition of prostaglandins (annexins and associated S100A11), protect against maternal proteases (TKDP), and remodel cytoskeleton (profilin 1) also were detected and may impact development and survival of the embryo. Carnitine is a carrier of activated fatty acyl groups across the inner mitochondrial membrane [36] . Transport of fatty acids is important during pregnancy in context of progesterone production by the CL and human term placental mitochondrial function [33] . The transport of fatty acids may also contribute to production of Downloaded from https://academic.oup.com/biolreprod/article-abstract/97/2/273/4077044 by OUP site access user on 08 October 2018 Protein S100: S100A11 prostaglandins. Spencer et al. [37] suggested that prostaglandins are produced by the conceptus during early pregnancy (Day 13) and contribute to regulating gene expression in the endometrium. However, there is conflicting evidence indicating that a major metabolic pathway for prostaglandins (β oxidation) is dependent on the presence of carnitine [38] . Thus, while the interaction of carnitine with prostaglandin synthesis during pregnancy is clear, the mechanism of this interaction is not well understood.
Steroid synthesis
Androstenedione is a precursor steroid for the production of estrone, estradiol, and testosterone. After the synthesis of estradiol, it is immediately released into the blood where the majority is bound by albumin or sex hormone binding globulin. Only the unbound form is biologically active. Androstenedione concentrations in human maternal serum have been shown to increase throughout pregnancy from 10 weeks to a peak in concentration at birth [39] .
Likewise, endometrium harvested from pregnant pigs on Days 10 to 11 and Days 15 to 16 had more than a two-fold increase in androstenedione when compared with corresponding samples from pigs within the estrous cycle [40] . Circulating androstendione may be critical to early pregnancy and fetal development in sheep because immunization against androstendione in these ruminants causes lower embryo recovery, delayed embryo development, and reduced fetal weight [41] .
Amino acids in uterine flushes
The amino acid valine was significantly more abundant in UF on Day 14 and 16 of pregnancy when compared with Day 12 of pregnancy and the NP uterus. Amino acids are a vital part of the histotroph that provides nutrients to the growing conceptus and serve as essential precursors for many biologically active substances [42] . Valine has previously been identified in UF in a study done by Gao et al. [16] . This study revealed that valine is up-regulated on Days 13-16 of pregnancy when compared to cycling ewes. Valine has been shown to have increased expression in bovine uterine fluid [43] due to progesterone stimulation which is vital to maintenance of pregnancy.
It might be expected that metabolomic analysis using mass spectroscopy (spectral counts) in the present study would identify more amino acids in UF than valine, especially when compared to previous reports by Gao et al. [16] , where it was reported that Arg, Gln, Glu, Gly, Cys, Leu, and Pro also increase in uterine fluids between Days 10 and 14 and remained high to Day 16 of pregnancy. Relative quantitation for metabolomics experiments is performed using normalized ion signals for peaks identified to represent a specific metabolite. The metabolomics experiments were performed in a nontargeted manner using UPLC-MS technology. Unfortunately, most amino acids are not amenable to efficient detection via this technology. Thus, the present results for this class of compounds are limited and only reflect changes in Valine which is one amino acid that is often detected with UPLC-MS. In the Gao et al. study, they utilized a very targeted and specific assay for amino acids (chemical derivatization followed by HPLC separation and diode array detection), sugars, and elemental nutrients. Nevertheless, the increase in UF valine concentrations in response to pregnancy is not at odds and is actually supported by both studies.
Unique proteins in UF during the estrous cycle compared to pregnancy COL1A1 (two chains) and COL1A2 (one chain) from monomeric type 1 collagen, is the most abundant vertebrate protein [44] . The two most significant UF proteins unique to the estrous cycle were COL1A1 and COL1A2 which were detected by Day 12, but were not found in UF on Days 12, 14, or 16 of pregnancy. The endometrium undergoes significant functional changes and remodeling during the estrous cycle and pregnancy [45] . The endometrium of ruminants, unlike humans does not undergo sloughing [46] ; however, it is still remodeled in the absence or presence of a conceptus. In this study, we hypothesize that Type 1 collagen is undergoing remodeling and reduction on Days 14 and 16 of pregnancy and this is reflected by detection of much greater amounts of collagen during the estrous cycle. These results are similar to those reported by Yamada et al. [47] who examined the endometrial extracellular matrix from Days 0-30 of pregnancy and described type 1 Collagen fibers in pregnant animals as having a thinner consistency than those of the estrous cycle and having a thicker intertwinement within the epithelium during the implantation period.
Interconnectivity of Profilin 1, S100a11, the Annexin family, and IFNT expressed in the uterine flushings of pregnant ewes PFN1 is G-actin binding protein that is crucial for normal cell proliferation and cell differentiation [48] . PFN1 is involved in actin-based cell motility, cytokinesis, neuronal differentiation, and regulation of membrane trafficking ad nuclear transport [49] . Menkhorst et al. demonstrated that decidualized culture media upregulated PFN1 levels in human extravillous trophoblast condition media, suggesting that decidualized culture media induced PFN1 secretion [50] . S100A11 plays a critical role in epidermal growth factorstimulated adhesion, receptivity of the endometrium and immunotolerance by regulating intracellular calcium uptake and release [51] . Knockdown of endometrial S100A11 in mice resulted in reduced embryo implantation rates and adverse expression of factors related to receptivity of the endometrium [52] . In human endometrium, low levels of S100A11 are associated with adverse immune responses and failed pregnancies. For example, women with failed pregnancies have significantly lower concentrations of S100A11 [52] . Calcium signaling plays a key role in the regulation of many cellular processes and the Annexins are of class of proteins that are regulated by calcium [53] . Annexins have long been associated with the S100 protein family [54] . Annexin A1 is able to modulate the release of arachidonic acid [55] (an essential fatty acid found in membrane phospholipids) by regulating phospholipase A2 activity [56] . Arachidonic acid conversion to prostaglandin G2/prostaglandin H2 is the rate-limiting step in prostaglandin production [57] . Regulation of prostaglandins is extremely important during pregnancy, since prostaglandin PGF is the luteolytic signal and prostaglandin E2 is thought to be the luteotropic signal [58] [59] [60] . Therefore, the release of arachidonic acid by Annexin A1 is extremely important.
It was long believed that Annexins were intracellular proteins; however, in the last decade it has been shown that ANXA1 and ANXA2 can be transported out of the cell in unconventional secretory mechanisms [61] [62] [63] . Surface and secreted ANXA2 interacts with proteases and cell matrix to regulate adhesion and cell migration [64] [65] [66] . ANXA2 was previously identified in in vivo syncytiotrophoblasts [65, 67] and has since been shown to be required for invasion and metastasis in cancer indicating a potential role in conceptus invasion [64, 68] . ANXA1 has long been known to be detected extracellularly during inflammation [53] . Exogenous administration of ANXA1 in both in vitro and in vivo models inhibited neutrophil extravasation, thereby limiting the degree of inflammation [55, 69, 70] . Another member of the Annexin family that perpetuates the idea of immunotolerance/protection is ANXA5. ANXA5 has previously been isolated from human placenta [71] and was shown to be necessary for maintaining placental integrity [72] . ANXA5 forms an anticoagulant [73] protective shield on the apical surfaces [74, 75] of the microvilli of syncitiotrophoblasts [74] by binding phospholipid surfaces and forming two-dimensional crystallin arrays [75, 76] . Shu et al. [77] described decreased expression of ANXA5 on trophoblasts of pre-eclamptic placentas that correlated with a rise in markers for blood coagulation Overall, this would facilitate the tolerance of the immunologically "foreign" conceptus while allowing for activation of the immune system to defend against microbial and viral infections.
In ruminants, many components of the innate immune system are upregulated in endometrium during early pregnancy and in response to IFNT [78, 79] . There also is a peripheral increase in ISGs in response to pregnancy in CL, immune cells, and the liver [80] [81] [82] . Both endogenous and exogenous IFNT prompt a strong innate (antiviral) immune cell response peripherally in ruminants. From these studies, it can be inferred that IFNT released into the uterine vein may induce peripheral ISGs and associated innate immune response, which may protect the pregnancy from maternal infection and related inflammatory responses. In conjunction with IFNT, an immune-regulatory role of ANXA1 and ANXA5 also makes sense during pregnancy.
IFNT is the maternal recognition signal in ruminants [83] [84] [85] [86] [87] [88] that is released from the conceptus [84, [89] [90] [91] and silences transcription of estrogen receptor alpha (ESR1) in uterine luminal and superficial glandular epithelia [92] . Silencing of ESR1 blocks ESR1-dependent transcription of the oxytocin receptor, thereby abrogating oxytocin-induced luteolytic endometrial pulses of PGF. IFNT causes the upregulation of several ISG during pregnancy [85] [86] [87] [88] [93] [94] [95] [96] . The mechanisms for maternal recognition of pregnancy vary among mammals, but the upregulation of ISG15 in the endometrium appears to be a universal response to the presence of an embryo; as seen in humans, baboons, cows, sheep, swine, and mice [97] . The exact actions of these ISGs is still to be determined; however, ISG15 can conjugate to and regulate proteins through an enzymatic pathway similar to that described as ubiquitin, utilizing the ubiquitinactivating enzyme 1-like protein [98, 99] .
Another trophoblast-specific protein identified in this study is TKDP1. TKDP1 is a highly expressed placenta-specific protein that shares an almost identical expression pattern with IFNT [100] . TKDP1 is a protease inhibitor, but its exact function in placental development is unclear currently, although MacLean suggested that TKDPs may modulate ion channels [101] .
For pregnancy to be recognized and maintained, the uterine environment must be in synchrony with embryo development. This occurs through primary signaling from the conceptus that cooperates with many uterine responses to pregnancy that are primed by exposure to progesterone. Many interesting metabolites and proteins were identified in histotroph that may play key roles in the establishment and early detection of pregnancy. Further examination of these metabolites and proteins may provide insight into the uterine environment necessary for the successful maintenance of pregnancy. For example, String analysis of the top 40 proteins that were either present or nondetected in UF from estrous cycle or pregnancy revealed strong relationships and actions. However, the action of IFNT was not clearly connected to the other proteins from this analysis. For this reason, we considered adding an ISG to see if this improved the analysis and selected ISG15 because of its broad actions inside and outside of cells and in context of serving as a ubiquitin homolog [99] . After the inclusion of ISG15 into the model, this resulted in very strong connectivity and action with other proteins in this group. Future directions include determining the source of the metabolites and proteins to be from either the conceptus or endometrium and how ISGs, specifically ISG15, are involved in the interaction of these products within the UF (Figure 7 ).
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